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Modeling the Effect of Water Activity and Storage Temperature
on Chemical Stability of Coffee Brews
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This work was addressed to study the chemical stability of coffee brew derivatives as a function of
water activity (a,) and storage temperature. To this purpose, coffee brew was freeze-dried, equilibrated
at increasing a,, values, and stored for up to 10 months at different temperatures from —30 to 60 °C.
The chemical stability of the samples was assessed by measuring HsO" formation during storage.
Independently of storage temperature, the rate of H;O* formation was considerably low only when
ay was reduced below 0.5 (94% w/w). Beyond this critical boundary, the rate increased, reaching a
maximum value at ca. 0.8 a, (78% w/w). Further hydration up to the a, of the freshly prepared
beverage significantly increased chemical stability. It was suggested that mechanisms other than
lactones’ hydrolysis, probably related to nonenzymatic browning pathways, could contribute to the
observed increase in acidity during coffee staling. The temperature dependence of H;O™" formation
was well-described by the Arrhenius equation in the entire a,, range considered. However, a,, affected
the apparent activation energy and frequency factor. These effects were described by simple equations
that were used to set up a modified Arrhenius equation. This model was validated by comparing
experimental values, not used to generate the model, with those estimated by the model itself. The
model allowed efficient prediction of the chemical stability of coffee derivatives on the basis of only
the a, value and storage temperature.
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INTRODUCTION not involved in the reactions responsible for pH decrease,

In the past decade, coffee brew derivatives have encountere ﬁ:?oeni;gtcg‘nfzmiéh:c? dyli);(;[thoensésd Qgg’;slga I;iwsisf:is:r?t\llv nuth;'i
increasing success in eastern countries where coffee drinking q 9 y up

represents an almost new habit. On the other hand, in countriesheatlng Cg a;)coffee ?re;ﬁ, while the conte?t cifghe;elevant acid
with a long coffee-drinking tradition, the popularity of these mcreatjsfe { y ne%ry Ste samedamou[r)l ..( 32 ;)hwe.ver,
products is still hindered because of their poor quality, mostly according to van der stegen an vano uijn (12), the Increase
attributable to their very low chemical stability. Quality deple- in quinic acid would account for only 25% of the overall acidity

tion, which starts immediately just after brewing, is characterized develope?. I.ré addition, it was also foun(Ij éhat gh5|gn|f|gant
by a change in the flavor profile and an increase in perceived 2mount of acid precursors was not water soluBjeWith regar

sourness (1—4). These changes are accompanied by a p,_go the esters_ of acids other than quinic acid, the formation of
decrease, corresponding to an increase in titrable acidity, whosd"'0Noesters in the presence of carbohydrates was also suggested
clear explanation is not put forward at present. (20). In this case, the pH decrease would be the consequence

It is well-known that a great amount of acids and their _Of complex rea_ctlons_, probably related to noner_wzymanc brown-
derivatives is generated during roasting from carbohydrate Ing pathways, |r_1volvmg carbohydrqtes and aC"’? “”?‘her than a
precursors via nonenzymatic browning pathwdysg). Despite ;lmple hy(jroly5|s of Fhe e;ters. In light of thes‘? findings, there
a major fraction of roasted coffee, acidity can be attributed to 'S MUch circumstantial evidence that mechanisms, other than
the formation of formic, acetic, glycolic, and lactic acids from hydron5|s_ of quinic am_d_lacton_es, could cor_1tr|bute to the
sucrose (910); significant amounts of quinic acid esters and ©Pserved increase in acidity during coffee staling.
lactones are also generated from degradation of chlorogenic Nowadays, coffee brews are processed to obtained a number
acids during roastingl(l). The increase in quinic acid upon Of products, which are usually stored in a wide temperature
hydrolysis of these esters and lactones has been considered theange, with differeng,, values. Considering both hydrolysis and
main driving factor responsible for acidity development in the nonenzymatic browning to be involved in their quality depletion
brew (12—17). Further observations, indicating that oxygen is during storage, water content and heagere expected to play

a key role in determining the rate of pH decrease. In addition,

* To whom correspondence should be addressed. ¥8p 0432590711, the effect ofay, is likely to be strongly affected by storage
Fax: +39 0432 590719. E-mail: lara.manzocco@uniud.it. temperature. However, because of the uncertainty and complex-
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Table 1. Solid Concentration of Coffee Samples Equilibrated at months. At increasing lengths of time during storage, samples were
Increasing ay removed from thermostated cells and rehydrated by adding the amount
of distilled water required to reach a solid concentration of 1.8% (w/
ay solid concentration (% wiw) w). Preliminary trials showed that freeze-drying and rehydration had
001 100.00 no significant effect (p> 0.05) on the pH of the beverage.
0.33 97.04 Total Solid Content. The total solid content was determined
0.52 93.70 according to the AOAC (26).
0.84 77.98 Water Activity. The water activity (a) was determined by means
0.99 15.00 of a dew-point measuring instrument (Aqua Lab, Decagon, Pullman,
0.99 18 WA) at 25°C.

Calorimetric Analysis. Calorimetric analyses were made by means
of a TA 4000 differential scanning calorimeter (Mettler Toledo,
ity of the chemical reactions concerned, the effecagfand Greifensee, Switzerland) equipped with a DSC 30 low-temperature
storage temperature on the rate of acidity development can bemeasuring cell and a TC11 TA processor and connected to a Graph
difficult to figure. Undoubtedly, these results would be of great \Ware software (TA 72.2/.5, Switzerland). The heat flow was calibrated
interest to find out processing and storage conditions, allowing USing indium (heat of fusion, 28.45 J/g). The temperature was calibrated
one to obtain more chemically stable coffee brew derivatives. with n-butyl alcohol (mp,~89.5°C), water (mp, 0°C), and indium

. (mp, 156.6°C). Coffee samples were exactly weighed and placed in
In addition, the knowledge of tha, and temperature depen- 441 capacity aluminum pans. An empty aluminum pan was used as

dence of coffee brew stability is strictly necessary to develop 4 reference. Samples were heated frofr®0 to 300°C at 10°C min-2.
shelf-life models that are able to predict coffee derivative Thermograms were analyzed for the onset temperature of ice melting.

stability in times that are consistent with their short life spanin  pH. The pH of coffee beverages was assessed by a Mettler Toledo

competitive markets. 355 pH meter (Lou Analyzer, Halstead, Essex, England). T@"H
In light of these considerations, the aim of the present paper concentration was calculated according to pH definition.
was to model the combined effectaf and storage temperature H3O" Formation Rate (k). The changes in ¥D" concentration were

observed to follow the zero-order kinetic, and relevant ratgsvere
calculated by linear regression of®I" concentration as a function of
storage time. The effect of temperaturelowas evaluated by means
of the Arrhenius equation (27):

on the stability of a possible coffee matrix, taken as an example.
To this purpose, coffee brew was freeze-dried and equilibrated
at increasingy, values from 0.01 to 0.99n this way, samples
representative of different coffee brew derivatives (freeze-dried
coffee, concentrated coffee brews with different solid fractions, k=k, x o ERT 1)
and ready-to-drink coffee beverages) were obtained from the

same coffee matrix. The rates of@i" formation during storage  \yherek is the reaction rate constatjs the molar gas constant (8.31
for up to 10 months at different temperatures in the range from j/k/mol), T is the absolute temperature (K is the activation energy
—30 to 60°C were measured. Data were elaborated to find a (J/mol), andk, is the frequency factor. To better estimate the apparent
reliable model able to predict coffee derivative stability in a activation energy Kz) and frequency factorkg), the following re-
wide range of conditions. Following the approach of previous parametrized Arrhenius equation was used

papers carried out to obtain predictive models of the stability

of different food matrices A1—25), this research was also k= K SRN= ATl (2
addressed by evaluating the usefulness of the Arrhenius equation

and studying the effect d, on its parameters. The predictive  Wherekeis the apparent oxidation rate Bt (28, 29). Tres Was chosen
model achieved represents a useful mathematical instrument tc?s 288 K, which is the central value of the temperature interval

assist in shelf-life decisions relevant to coffee brew and its considered in the study. The apparent activation enEigyidk.; were
concentrated derivatives determined by linear regression analysis and used to caldutate

k(] — e[lnkref+(Ea/R-|—rel)] (3)
MATERIALS AND METHODS

Sample Preparation. Ground dark-roasted coffee was purchased Data Analysis. The results reported in this work are the average of
at a local market. Coffee beverage was obtained by extraction of 100 at least two determinations carried out on different samples, and the
g of coffee powder wh 1 L of distilled water at 9C°C (Kenwood coefficients of variation, calculated as the percentage ratio between the
aromatica CM720, New lane, Havant, England). After extraction, the Standard deviation and the mean value, were less than 5% for total
coffee beverage was quickly cooled at room temperature in an ice- Solid contenta,, temperature of ice melting, and pH and less than
cooled bath. 10% fork. _ .

The coffee extract was freeze-dried (Mini Fast model 1700, Edwards 1 he significance of the differences among means was determined
Alto Vuoto Spa, Milano, Italy) and equilibrated at differemt values using the Tukey—Krammer test (JMP, ver. 3.2.5, SAS Institute, Cary,
to obtain samples with different solid weight fractions. In particular, NC). Means were considered to be significantly differenp &t 0.05.
10 cm diameter Petri dishes containing approximately 5 g of freeze- Least-squares linear regression analysis was performed by using
dried coffee were placed in vacuum desiccators containing saturategStatistica for Windows (ver. 5.1, Statsoft Inc., Tulsa, OK, 1997). Best-
salt solutions having equilibrium relative humidity (ERH %) values fitting analysis was performed by using Table Curve 2D for Windows
up to 100% and were maintained at 25. The salts, with relevant  (ver- 4, SPPs Inc., Chicago, IL).

ERH % values in brackets, were used as followsO4(1%), LiCl
(12%), MgCh (33%), MgNtOs (52%), NaCl (74%), CdGI(82%), and ~ RESULTS AND DISCUSSION

K204S (97%) (Carlo Erba, Milano, Italy). Samples wath = 0.99 were Coffee samples with differers, were stored for increasing

equilibrated over distilled water. Preliminary trials were carried outto . . o
determine the lengths of time necessary to hydrate samples at the desire me in the temperature range fror80 to 60°C and assessed

aw, which was less than 4 h. Samples with decreasing coffee solid 1oF PH. The changes in pH of coffee with 0.89, corresponding
concentrations were thus obtained (Table 1). to 1.8% (w/w) solid concentration, are shown, as examples, in
Coffee samples with differerd,, values were introduced in glass ~ Figure _1- A clear decrease in pH, whose intensity was
vials, hermetically sealed with butyl septa and metallic caps, and stored proportional to storage temperature, was observed, confirming
in the dark at-30,—18,—7, 0, 10, 20, 30, 45, and 6 for up to 10 that coffee staling is associated with an increase in hydrogen
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Figure 1. pH of coffee with 0.99 a,, corresponding to 1.8% (w/w) solid
concentration, as a function of storage time at different temperatures.

ion concentration (1—312—17). pH data were thus used to
calculate the changes ins8" concentration during storage of
coffee samples (Figure 2). Apparent rate constants gbH
formation &, M day1) were calculated by linear regression
analysis according to the zero-order equation.

Similarly, the values ok (R2 > 0.90,p < 107?) relevant to
coffee with increasing,, and stored in the temperature range
from 60 to—30 °C were calculatedrigure 3 shows the effect
of a,, on the BO™ formation rate of coffee samples stored at
different temperatures.

By analyzing the evolution df (Figure 3), it can be observed
that at ca. 0.&,, corresponding to a solid content of 78% (w/
w), the O™ formation rate presented a maximum value, whose
intensity increased with temperature. This result appears to be
of considerable interest since it clearly indicates that drying does
not allow the stability of coffee to be obtained, unless very low
a, values are reached. In fact, drying to intermediate moisture
levels promotes an unexpectedly fast quality depletion, which
proceeds at rates considerably higher than those observed i
the freshly brewed coffeay 0.99 1.8 w/w solid concentration).
Only whenay, is lower than ca. 0.5, which corresponds to a
solid content of about 94% (w/w), the development of acidity
is comparable or lower than that of the diluted beverage
stored at the same temperature. Suctaawalue can thus be
hypothesized to be a critical boundary beyond which quality
depletion of coffee brew derivatives should be expected to
quickly proceed. Consequently, intermediatevalues, typical
of most food ingredients that contain concentrated coffee brew,
are associated with the highest quality depletion rate.

It is noteworthy that the, dependence of the reaction rate
tends to a bell-shape curve with a maximum at intermedigte
values when food solids chemically react with each other in an
aqueous system (3@1). This is the well-known case of
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inferred that solids contained in the coffee beverage could
undergo nonenzymatic browning reactions following mecha-
nisms that are the proceedings of those observed during roasting.
Reactants for nonenzymatic browning are actually still present
even in dark-roasted coffee beans. In other words, browning
reactions are not completed during roasting but only temporarily
blocked by the decreased mobility of the coffee matrix, which
underwent glass transition upon roasting. Although roasted
coffee beans are known to be vitreous at room temperature with
aTgaround 170C (32), the structures of the freeze-dried coffee
extracts considered in this study were well below glass transition
in the entirea,, range. In fact, calorimetric analysis indicated
coffee samples to have the physical state of a solution in most
temperature and, conditions considered. Only in diluted
samples stored at30 and—18 °C, water partially froze and
reactants were concentrated in the unfreeze solufiablé 2).

This result is consistent with the relatively low molecular weight
of melanoidins as compared to other polyme3s, 34).

It is thus reasonable that, in adequageconditions, such as
those that characterize coffee beverages, extracted melanoidins
could continue to react during storage, determining the formation
of acid compounds. This hypothesis is supported by the fact
that coffee acids have been reported to beget high amounts of
monoesters in the presence of carbohydrates, leading to the pH
decrease of the brew as a consequence of complex reactions,
probably related to nonenzymatic browning pathwe3®)(In
addition, a major fraction of coffee acidity is well-known to be
generated on roasting from carbohydrate precur&ef9) Their
possible formation even during coffee beverage storage is
probably not negligible. On the basis of these considerations, it
can be inferred that the formation of acids upon nonenzymatic
browning could contribute, together with the hydrolysis of esters

ﬁallready present in the coffee extract, to the pH decrease during

storage of the beverage.

As regards the effect of temperature ogCH formation rate,
Figure 3 shows that coffee samples stored at 45 and®®0
presented a progressive increask with a,. By contrast, below
45°C, no significant changes kwere observed up ta, 0.52.
When such &, value was overcome, a sudden increas& in
was detected (Figure 3, inset). These results confirm that the
effect ofay of coffee staling is strongly dependent on storage
temperature. To further investigate the critical effect of tem-
peraturek values were plotted according to the Arrhenius model
(Figure 4).

An Arrhenius type relation betweens@" formation rate and
temperature was clearly achieved in samples equilibrateg at
values higher than 0.52 in the entire temperature range

reactions, such as nonenzymatic browning, whose reactantconsidered. In particular, contrary to what was observed in other

mobility is kinetically hindered at lovay, values. Upon further
ay increases, molecules quickly react due to water plasticization

food products (2123, 24), no deviations from linearity were
observed in samples undergoing freeze concentrafiablé

but the enhancement in reaction rate is progressively counterbal2), suggesting that the Arrhenius equation was a proper

anced by reactant dilution. Overcoming a critie@| generally

set at intermediate values, the dilution effect prevails over the

plasticization one, so that a maximum rate is identified.
Results shown ifrigure 3 seem to contradict the hypothesis

predictive model of quality depletion during coffee brew
derivative storage. At lowea, values,k was described by the
Arrhenius model only in samples stored at temperatures higher
than 0-20°C. Below this temperaturé&resulted in considerably

that the decrease in pH observed during coffee beverage stalingower than expected values on the basis of the Arrhenius

is solely attributable to hydrolysis of esters and lactones
previously formed during roasting2—18). In fact, in this case,

equation. These very lowvalues were not reported Figure
4 because they were out of scale, but they clearly indicated that,

water should be regarded as a reactant rather than as a dilutingndependent of storage temperature, the system was particularly

media. Consequently, upon hydration, thgoH formation rate
should progressively enhance even beyape- 0.8, which was
clearly not observedHigure 3). For this reason, the presence
of a maximum rate at intermediaég suggests reactions other
than hydrolysis contribute to coffee beverage staling. It can be

stable from a chemical viewpoint. It is likely that although the
system is not vitreous due to the low molecular weight of the
extracted compounds, it exerts a peculiar stability as a conse-
guence of its loway. In other words, water would be enough
to make the system amorphous but not to allow solute reactivity.
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Figure 2. H3O* concentration of coffee with 0.99 a, as a function of storage time at different temperatures. The apparent zero-order rate constants of
H3;O* formation (k, M day—1) and the relevant determination coefficients (in brackets) are also shown.
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Figure 3. Apparent zero-order rate constants of H;O* formation as a
function of a, of coffee samples stored at different temperatures. In the
inset: Detail of data in the k range from 0 to 2 M x 1076 day ..

Table 2. Temperature of Ice Melting of Coffee Samples with Different
A

aw temperature of ice melting (°C)
0.01 ND?
0.33 ND
0.52 ND
0.84 -31.16
0.99 -26.97
0.99 -9.27

2ND, not detectable.
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| |
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E Oaw 0.52
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i 16 - A aaw 0.01
18 A
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22 I
0,0028 0,0030 0,0032 0,0034 0,0036 0,0038 0,004 0,0042
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Figure 4. Apparent zero-order rate constants of HsO* formation, expressed
as In k (M x 1076 day~1), as a function of storage temperature of coffee
with different a,. Lines were obtained by regression analysis according
to eq 1.

Table 3. Apparent Activation Energy (E;) and Frequency Factor (ko)
as a Function of Coffee a,?

aw Ea (kd/mol) ko R? SE
0.01 89.5 1.0 x 107 0.99 0.167
0.33 87.7 1.6 x 108 0.99 0.244
0.52 86.6 1.3 x108 0.83 1.301
0.84 59.4 2.6 x 10* 0.97 0.466
0.99 55.2 2.7 %103 0.99 0.167
0.99 50.4 3.5 x 10? 0.98 0.302

@ Statistical parameters of regression according to reparameterized eq 2 are
also reported.

formation proceeds at rates much lower than those predicted
by the Arrhenius equation. In these conditions, the use of the
Arrhenius equation to predict quality depletion would lead to
an overestimation.

Regression analysis d&f as a function of temperature was
performed for each coffee concentration according to reparam-
etrized Arrhenius eq 2T(s equal to 288 K) Figure 4).
Parameters of regression were used to calculate the apparent
activation energy (] and frequency factokg) for each coffee
ay (Table 3).

The water activity was found to affect the temperature
sensitivity of coffee, changing both the apparent activation
energy and the frequency factor in the Arrhenius equaian (

36). In particular, the apparent activation energy was observed
to progressively decreaseagincreased. By contradt, initially
increased with the increase m, but decreased on further
hydration so that a maximum value was identified at 0a33
These results indicate that the reactions leading @'
formation became less sensible to temperature changag as
increased and that the number of successful collisions between
reactants was higher in concentrated systems. These results are
in agreement with data shown kfigure 3 and suggest that the
reaction rate tends to a maximum valueagt= 0.8 by virtue

of the lower activation energy despite the fact that the number
of collisions is not optimal. In other words, at lo®, the
number of collisions between reactants is very high but the
reaction proceeds slowly because only a limited part of the
molecules has enough energy to make the reaction 08&yr (

At a,, around 0.8, because of the high molecular mobility, the
number of collisions is expected to be lower but most of them
possess the energy required for quick rearrangement and product
formation. Finally, in diluted systems, the reaction rate decreases
because collisions, despite energetic, rarely occur. These results

In light of these data, it could be suggested that the predictive confirm that water does not behave as a reactant but, more
efficiency of the Arrhenius equation is maintained as lon§ as

values higher than ca. 0.00210°6 M day~! (In k = —20) are
concerned. Below this value, which is, however, very lowQH

properly, as a diluting media, supporting the hypothesis that
not only hydrolytic reactions are involved inz&8" formation
during coffee staling.
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-10 4 reasonable acceptance limit chosen on the basis of accurate
sensory data.
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